One sentence summary: The designed CRISPR-Cas9 modification system enables fast and easy targeted mutagenesis allowing functional gene studies and genome modification in thermotolerant methylotrophic yeast.
INTRODUCTION
Ogataea thermomethanolica TBRC656 is a methylotrophic yeast that can assimilate methanol and alpha-glycosidic sugars, including sucrose as carbon sources, and can grow over a wide range of temperature (10
• C-40 • C) (Limtong et al. 2005 (Limtong et al. , 2008 .
A constitutive GAP promoter (pGAP) and a methanol-inducible AOX promoter (pAOX) have been identified and demonstrated for controlling the expression of heterologous protein in O. thermomethanolica (Harnpicharnchai et al. 2014; Promdonkoy et al. 2014) . In addition, its native signal peptide sequence was characterized that showed higher efficiency for heterologous protein secretion than a foreign Saccharomyces cerevisiae signal peptide (Roongsawang et al. 2016) .
To further develop O. thermomethanolica as an efficient host for large-scale protein production, knowledge of how it produces and secretes heterologous protein is important. A major bottleneck in heterologous protein secretion in yeast is the accumulation of misfolded and unfolded proteins in the endoplasmic reticulum (ER) resulting in ER stress, which reduces the secretion of heterologous proteins (Idiris et al. 2010) . In eukaryotes, the unfolded protein response (UPR) pathway is triggered by the critical transcription factor Hac1. Hac1 controls the transcription of many genes to reduce ER stress (Cox and Walter 1996) . One approach to improve heterologous protein secretion is by coexpression with HAC1 (Valkonen, Penttila and Saloheimo 2003; Guerfal et al. 2010; Lin et al. 2013) . The HAC1 gene function is conserved among methylotrophic yeasts Komagataella phaffii GS115 (Guerfal et al. 2010) and O. parapolymorpha (Moon et al. 2015) . However, a homologous HAC1 has not been characterized in O. thermomethanolica.
Another factor that influences heterologous protein production is the carbon source. Ogataea thermomethanolica can utilize sucrose as a sole carbon source. Sucrose is a major component of industrial feedstocks like molasses; therefore, this cheap substrate should be applicable for large-scale fermentation. Recently, we have established a high-cell density fedbatch fermentation using sucrose as a carbon source to produce heterologous protein in O. thermomethanolica (Charoenrat et al. 2016) . However, it is not known how this organism utilizes sucrose, and how pathways related to sucrose metabolism are regulated.
One approach to study gene function is through gene disruption analysis. In S. cerevisiae, targeted gene disruption occurs with high efficiency through its homologous recombination pathway (Guldener et al. 1996) . Gene disruption in O. thermomethanolica is time-consuming and resource-intensive owing to the lower level of homologous recombination, similar to some non-conventional yeasts (Naatsaari et al. 2012) . Thus, the lack of efficient genetic tools for genome editing in O. thermomethanolica hampers the study of gene function and the production of genetically modified strains with desirable properties. Recently, CRISPR-Cas9 technology has emerged as a powerful tool for genome editing, which is applicable in many organisms including yeasts (DiCarlo et al. 2013; Jiang et al. 2013; Gantz et al. 2015; Weninger et al. 2016; Numamoto, Maekawa and Kaneko 2017) . To disrupt a gene by CRISPR-Cas9, only two components are needed: a Cas9 protein containing endonuclease activity and a guide RNA (gRNA). The gRNA includes a 20-nucleotide sequence specific to the DNA targeting site and a non-variable scaffold required for binding of Cas9. The Cas9-gRNA complex specifically binds to the DNA target and subsequently Cas9 generates double-stranded breaks in the target DNA adjacent to the PAM site. In many organisms, the DNA break is predominantly repaired by the non-homologous end joining (NHEJ) repair system, which often leads to small deletions or insertions disrupting the targeted gene (Sampson and Weiss 2014) .
In this study, we applied the CRISPR-Cas9 technique for targeted gene mutagenesis in O. thermomethanolica. The using of the inducible AOX promoter and self-cleaving ribozymes for expression of Cas9 and gRNA successfully facilitated mutation in three target genes (OtHAC1, OtMAL1 and OtMAL2) with high efficiency. In addition, episomal-based CRISPR-Cas9 approach was applied for mutagenesis of OtMAL1 gene and plasmid could be easily cured, resulting in a markerless deletion strain. Bacto tryptone, 5 g L −1 Bacto yeast extract and 5 g L −1 NaCl) containing 100 μg mL −1 ampicillin or 100 μg mL −1 hygromycin or 50 μg mL −1 kanamycin.
MATERIALS AND METHODS

Strains and culture conditions
Plasmid construction
Oligonucleotide primers were synthesized by Macrogen (Korea) ( Table S1 , Supporting Information). To construct the integrative plasmid harboring the Cas9 gene, the Cas9 gene C-terminally tagged with SV40 nuclear localization signal was PCR-amplified from the vector p414-TEF1p-Cas9-CYC1t (Addgene) using Cas9-F/Cas9-R primers. The amplicon was then joined with EcoRI/HindIII digested pOtAOX-Neo via Gibson Assembly (NEBuilder HiFi Assembly kit, New England Biolabs, USA) to yield pAOX-Cas9 (Fig. 1) . To construct the integrative plasmid harboring gRNA, the hammerhead (HH) and hepatitis delta virus (HDV) ribozyme sequences were designed based on the study of Gao and Zhao (2014) . The gRNA cassette (HH-20 bp specific determinant sequence-structural gRNA-HDV) was synthesized by GenScript (USA) and ligated with EcoRI/KpnI digested pOtAOXHyg to yield the pAOX-gRNA (Fig. 1) . The sequence for each gRNA cassette is shown in Table S1 (Supporting Information).
To construct the episomal plasmid containing Cas9 and gRNA expression cassettes, the gRNA cassette for OtMAL1 disruption was PCR-amplified from pAOX-gRNA-MAL1 using EpigRNA-MAL1-F/Epi-gRNA-MAL1-R primers. The amplicon was then ligated with AvrII/MluI digested pAOX-Cas9. Next, a 452-nt fragment, corresponding to the autonomously replicating sequence (ARS) of Kluyveromyces lactis was synthesized by GenScript (USA) based on sequence previously reported (Liachko and Dunham 2014; Camattari et al. 2016) and ligated with the pAOXCas9 with cloned gRNA cassette via ClaI/NotI restriction sites to yield the Epi-Cas9-gRNA (Fig. S1a, Supporting Information) .
To perform the complementation study, the pOtGAP-Zeo plasmid harboring the complementing gene was constructed (Fig. S1b, Supporting Information) . For complementation of OtHAC1, the spliced form of OtHAC1 (OtHAC1 i ) was cloned into BstBI/KpnI digested pOtGAP-Zeo to yield pOtGAP-OtHAC1 i .
Specifically, OtHAC1 i was obtained by cultivation of O. thermomethanolica in YPD containing 5 mM dithiothreitol (DTT) to induce the ER stress. Then, total RNA was extracted and first-strand cDNA was generated using oligo(dT) 18 primer. The reaction was then used as a template for PCR with OtHAC1-i-F/OtHAC1-i-R primers to generate OtHAC1 i . For complementation of OtMAL1 and OtMAL2, OtMAL1 and OtMAL2 genes were PCR-amplified with Ot-MAL1-F/Ot-MAL1-R and Ot-MAL2-F/Ot-MAL2-R primers, respectively, using genomic DNA of O. thermomethanolica as a template. The amplicons were then joined with KpnI/SalI and BstBI/SalI digested pOtGAP-Zeo to yield pOtGAP-Ot-MAL1 and pOTGAP-Ot-MAL2, respectively. Before transformation, the complementing plasmid for OtHAC1 was linearized with BglII while the complementing plasmids for OtMAL genes were linearized with XhoI to be integrated at GAP promoter of O. thermomethanolica.
OtHAC1 mutagenesis using an integrative system
Ogataea thermomethanolica was transformed with 1 μg each of MfeI-linearized pAOX-Cas9 and pAOX-gRNA-HAC1 as described previously (Tanapongpipat et al. 2012) . To induce expression of Cas9 and gRNA, the transformant colonies on YPD agar containing 100 μg mL −1 of hygromycin and G418 were restreaked on YPG agar containing 100 μg mL −1 of hygromycin and G418.
Next, to screen Othac1 mutants, a OtHAC1 fragment was PCRamplified from colonies using disHAC1-F/disHAC1-R primers. A ScaI recognition restriction enzyme sequence overlaps the Cas9 cutting site designed in the OtHAC1 gene, and mutations introduced by error-prone repair disrupt the ScaI site such that the amplicon is resistant to restriction (Fig. S2 , Supporting Information). Therefore, the amplicon was digested with ScaI restriction enzyme (Thermo Fisher Scientific, USA) and analyzed by agarose gel electrophoresis. The transformants with OtHAC1 fragments that were not digested by ScaI were scored as mutants.
The growth of Othac1 mutant and its complemented strain were tested by a spot test. Cells were cultivated in YPD and grown at 30
• C overnight. The OD 600 of culture was adjusted to 10 and 1 μL samples of 10-fold serial dilutions were spotted onto YPD agar in the presence or absence of 7 mM DTT, and on Syn6 synthetic medium (Moussa et al. 2012) . The cells were incubated at 30
• C for an appropriate time before assessment of growth.
OtMAL1 and OtMAL2 mutagenesis using an integrative CRISPR-Cas9 system
Ogataea thermomethanolica was transformed with MfeI-linearized plasmids (1 μg of pAOX-Cas9 together with 1 μg of pAOX-gRNA-MAL1 or pAOX-gRNA-MAL2), and Cas9 and gRNA were induced as described above. 
OtMAL1 mutagenesis by an episomal-based CRISPR-Cas9 system
Ogataea thermomethanolica was transformed with 1 μg of EpiCas9-gRNA plasmid. The transformants are selected on YPD agar containing G418. Then Cas9 and gRNA were induced for expression by restreaking on YPG agar containing G418. Then, the Otmal1 mutants were screened on sucrose as described above. Finally, to curing the Epi-Cas9-gRNA from the mutants, the mutants were restreaked on YPD agar. Subsequently, the colonies were assayed for curing by replica plating on YPD agar containing G418. The loss of plasmid of the colonies with an inability to grow on YPD containing G418 was confirmed by PCR amplification of Cas9 and neomycin fragments using total DNA extracted from colonies as templates with Cure-Cas9-F/Cure-Cas9-R and Cure-Neo-F/Cure-Neo-R primers, respectively. PCR amplification of native actin gene with Ot-actin-F/Ot-actin-R primers was used as an internal control.
Nucleotide sequence data deposition
The nucleotide sequences of OtHAC1 and maltase gene cluster have been deposited in the DDBJ/EMBL/GenBank databases under accession numbers LC279524 and LC279525, respectively.
RESULTS AND DISCUSSION
Development of CRISPR-Cas9 mediated mutagenesis in O. thermomethanolica
To apply the CRISPR-Cas9 system in O. thermomethanolica TBRC656, two genetic components for expression of Cas9 and gRNA were introduced into the genome of O. thermomethanolica at AOX promoter. The expression of Cas9 was controlled by the inducible pAOX promoter. First, we tried to induce the expression of Cas9 by growing the cells in medium containing methanol as a carbon source. However, the maximum cell growth (OD 600 ) of cells harboring Cas9 decreased by 16.5% compared with the wild type suggesting that the high induction of Cas9 expression with methanol may be deleterious in O. thermomethanolica. High expression of Cas9 is toxic, presumably because of non-specific DNA damage (Ryan et al. 2014; Wendt et al. 2016) . Therefore, we obtained a more moderate expression of Cas9 by derepression in glycerol medium instead , as shown by western blot analysis (Fig. S3 , Supporting Information). A gRNA is typically produced using an RNA polymerase III promoter (DiCarlo et al. 2013; Farzadfard, Perli and Lu 2013; Nishimasu et al. 2014) . However, no RNA polymerase III promoter of O. thermomethanolica has been identified yet and foreign RNA polymerase III promoters from other species may function inefficiently (Weninger et al. 2016) . Therefore, we used the native O. thermomethanolica pAOX promoter (which is assumed to be an RNA polymerase II promoter) for gRNA production. In order to remove the 5 cap and 3 polyA tail from the ends of the gRNA, the fusion of gRNA with self-cleaving HH and HDV ribozymes at the 5 and 3 end, respectively, was designed based on the study of Gao and Zhao (2014) . The expression of this ribozyme-flanked gRNA was also derepressed with glycerol.
Mutagenesis of OtHAC1, OtMAL1 and OtMAL2 by CRISPR-Cas9
Three putative genes including the UPR regulator OtHAC1, and the OtMAL1 (maltase) and OtMAL2 (maltose permease) genes involved with sucrose and maltose utilization have been identified from the draft genome sequence of O. thermomethanolica TBRC656. These genes were selected as target genes for CRISPRCas9-mediated mutagenesis. The target mutated sites of each gene were selected based on the conserved domain annotation by BLASTP (Marchler-Bauer et al. 2017) . These included the conserved bZIP domain, the conserved catalytic domain and the putative substrate translocation pore of OtHAC1, OtMAL1 and OtMAL2, respectively (Fig. S4, Supporting Information) .
Othac1 mutants were screened by genotypic screening. After induction, 15 out of 24 colonies (63%) were scored as mutants. Otmal1 and Otmal2 mutants were screened using phenotypic assays. After induction, 126 out of 130 colonies (97%) and 37 out of 40 colonies (93%) were scored as mutant for Otmal1 and Otmal2, respectively. Therefore, the range of mutation efficiency is thus 63%-97%. Variation in CRISPR-Cas9 mutagenesis efficiency among gene targets has been attributed to several factors, including the genomic context of the targeted gene, variability in the expression level of Cas9 and gRNA and the specificity of the gRNA (DiCarlo et al. 2013) .
Next, the nucleotide modifications were analyzed and nucleotide modifications upstream of the targeted gene PAM sequences were identified in all mutants (Fig. 1) . Specifically, Othac1 mutants contained nucleotide deletion and substitution resulting in amino acid deletion and substitution, respectively. Since the mutations on OtHAC1 occur in the functionally conserved bZIP domain, they may be deleterious with respect to OtHAC1 function. Otmal1 and Otmal2 mutants contained nucleotide insertion and deletion resulting in premature stop codons and thus are likely to result in loss of protein function. Among the CRISPR-Cas9 induced mutations at the O. thermomethanolica target genes, base substitution and insertion/deletion of 1 or 3 nucleotides were observed. A study of CRISPR-Cas9 induced mutations in K. phaffii CBS 7435 reported that single nucleotide deletion was found in more than 90% of all mutants (Weninger et al. 2016) , suggesting that although the NHEJ mechanism is active in both species, the pattern of mutation induced by this process is diverged among methylotrophic yeasts.
Phenotypic analysis of mutant strains
Beside the observation of nucleotide modification, growth phenotype of mutant was characterized in order to confirm the effect of gene mutation caused by CRISPR-Cas9. As shown in Fig. 2a , the growth of Othac1 mutant was retarded even under normal conditions (YPD), and it was severely impaired in the presence of DTT, an agent of ER stress (Schroder, Clark and Kaufman 2003) . After complementation with OtHAC1 i , the growth of the complemented strain (Othac1 mutant#2 + OtHAC1 i ) was comparable to the wild type suggesting that its growth defect was caused by the mutation of OtHAC1 gene. As shown in Fig. 2b , Otmal1 and the Otmal2 mutants were unable to grow on maltose or sucrose. The growth of complemented strains was indistinguishable from wild type indicating that their growth defects were caused by the mutation of OtMAL genes.
Development of an episomal-based CRISPR-Cas9 mediated mutagenesis in O. thermomethanolica
Although genome editing in O. thermomethanolica was successful by the integrative CRISPR-Cas9, the obtained mutants containing CRISPR-Cas9 constituents integrated in the genome might not be suitable for further use such as for other next gene mutations and for using as a recombinant host. We therefore sought an episomal plasmid for expression of CRISPR-Cas9 in which the plasmid is lost during propagation in non-selective conditions. Recently, an ARS of K. lactis has been shown to function in various species of yeasts including the methylotrophic yeast K. phaffii GS115 (Liachko and Dunham 2014; Camattari et al. 2016) . We hypothesized that the K. lactis ARS could be applied in an episomal-based CRISPR-Cas9 expression system in O. thermomethanolica. To mutate the gene OtMAL1, the same strategies to control the expression of Cas9 and gRNA which were successfully used in the integrative system were applied to this episomal system. After glycerol induction, 68 out of 74 colonies were scored as Otmal1 mutants. Therefore, the mutation efficiency was 92%. Next, six mutants which could not grow on sucrose were selected to cure of their episomal plasmid by restreaking on YPD. The results showed that after re- streaking cells on YPD for two rounds of growth, the mutants could not grow on YPD containing G418, a selectable marker for the plasmid, compared to their well growths on YPD (Fig. 3) . These implied that they had lost the plasmid. Plasmid loss was confirmed by PCR amplification. No Cas9 or neomycin amplicon was observed from all randomly selected mutants (six colonies), indicating that the episomal plasmid was eliminated (Fig. S5, Supporting Information) . Therefore, these results demonstrate the applying of episomal-based CRISPR-Cas9 approach for mutagenesis in O. thermomethanolica which is easy to cure the CRISPR-Cas9 constituents from the mutants.
In conclusion, an integrative and an episomal based CRISPRCas9 system for genome editing were developed in O. thermomethanolica. In our systems, the expression of Cas9 and gRNA elements is controlled by derepression with glycerol under the pAOX promoter. Mutagenesis of target genes was accomplished with high efficiency using these systems (63-97% disruption). These results indicate that the implementation of CRISPR-Cas9 system in O. thermomethanolica overcomes the problem from the lacking of efficient tools for genome editing.
